Population size reductions are usually expected to result in decreases of within-population genetic variation. We here report on allozyme variation in (1) the endemic population of the Laysan finch (Telespiza cantans) that was reduced by a major population crash during the early 1900s and (2) translocated populations on three islets of a distant atoll (Pearl & Hermes Reef). These populations resulted from the introduction of 108 birds to one islet in 1967 and subsequent dispersal to the other islets. Variation in 33 allozyme loci on Laysan was found to be lower than the average in avian populations, matching theoretical expectation. Unexpectedly, the average heterozygosity of Pearl & Hermes populations is higher than at Laysan, and significantly so for two of five polymorphic loci. Variation in allele frequencies is relatively high for avian populations (FST= 0.049), both among the islets of P& H, and between P& H and Laysan. This suggests that isolation within the tiny, translocated populations has resulted in a significant level of genetic differentiation during a relatively short time period (less than 20 years).
Introduction
The potential of genetic founder effects to be accompanied by significant genetic differentiation is presently unclear (Carson & Templeton, 1984; Barton and Charlesworth, 1984) . Qualitative (e.g. Mayr, 1954 Mayr, , 1970 Carson, 1971 Carson, , 1982 Templeton, 1980) and quantitative (Lande, 1980; Charlesworth & Smith, 1982; Goodnight, 1987 Goodnight, , 1988 polygenic models of founder effect have often provided ambiguous results. For example, the intensity of a founder effect depends in part on whether epistatic or only additive variance plays a role within the model (Templeton, 1980; Goodnight, 1987) . In addition, founder effects may actually result in increased within-deme genetic variance under certain conditions (Goodnight, 1987 (Goodnight, , 1988 . On the other hand, single-locus population genetic theory clearly predicts that a reduction in population size associated with a founder event will reduce the number of alleles per locus, decrease the heterozygosity (H) and modify the allele frequencies in the founder population relative to the source population (Wright, 1931; Ewens, 1972; Nei et al., 1975; Chakraborty & Nei, 1977; Maruyama&Fuerst, 1984 , 1985a .
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Despite the large theoretical base outlined above, there are few empirical demonstrations of founder effects accompanying founder events in natural or artificial populations (see Carson & Templeton, 1984; Barton & Charlesworth, 1984, for reviews) . In some studies of organisms introduced by man, predictions of single-locus theory have been compared to empirically derived assessments of genetic differences between ancestral and founder populations. Allozyme data have often, at least qualitatively, matched expectation (e.g., Schwaegerle & Shall, 1979; Esteal, 1985; Parkin & Cole, 1985; Baker & Moeed, 1987; Fleischer et al., in press) .
In this paper we assess allozyme variation in populations of the Laysan finch, a Hawaiian honeycreeper endemic to Laysan Island. This endemic population underwent a severe bottleneck in the early 1 900s and genetic variation in Laysan finches should be, and is, lower than that found for populations of other taxa for which no recent bottleneck is known. Allozyme allele frequencies and heterozygosities from Laysan are also compared to populations of the Laysan finch derived from an introduction made in 1967 to one islet of Pearl & Hermes Reef (P& H). Unexpectedly, intrapopulation allozyme heterozygosity was found to have increased following the founder event. Interpopulational variation among three islets of P&H is also assessed. These empirical determinations are discussed in relation to the expectations of single locus theories of founder effects.
History of distribution
Laysan finches are known as fossils from the islands of Molokai and Oahu in the Hawaiian archipelago (Olson & James, 1982) , but are known historically only from Laysan Island (Conant, 1988) . The population of finches on Laysan may have been rather stable until the early 1900s, when rabbits denuded much of the vegetation on the island (Ely and Clapp, 1973) . During this period of crisis, the number of finches on Laysan decreased dramatically, from perhaps as many as 2700
in 1911 (Diii & Bryan, 1912) to the point where in
1923 there were no more than 'a few dozen' (Wetmore, 1925 ) to 'only a few' (Wilder, 1924) (Ely & Clapp, 1973) . A bottleneck of the size that this population went through, even given the rather rapid recovery following the demise of the rabbits, should result in a moderate loss of genetic variation (Nei et aL, 1975; Maruyama & Fuerst, 1984 , 1985 . Allozyme heterozygosity and alielic diversity is expected to be lower for Laysan finches on Laysan than for species of birds which have not undergone a severe, recent bottleneck.
In March 1967, 58 male and 50 female Laysan finches were introduced to Southeast Island of Pearl & Hermes Reef from Laysan (Sincock & Kridler, 1977 (Amerson et al., 1974) . The population then grew to about 500 individuals, where it remains today (US Fish and Wildlife Service, 1984) , and finches gradually spread to the three other islets listed above (Amerson et al., 1974) . The number of founder finches on Southeast Island was not small and the population grew rapidly. Thus, we predict, based on results of Nei et al. (1975) , that the finch population on Southeast Island a Seal-Kittery resighting of a bird banded on Grass (Conant, in preparation) . Grass and Seal-Kittery are less than 2 km apart ( Fig. 1) , so interislet movements may be more likely between them than between other pairs of islets. Because populations on islets other than Southeast had very small founding inoculi, are isolated, and have relatively small-sized populations (50-200 birds; US Fish and Wildlife Service, 1984), we predict that they should have lower H than birds on Southeast and exhibit considerable among-population allele frequency differentiation.
Materials and methods

Field protocol
Laysan finches were caught by mist net, potter trap, or hand net for banding, measuring and sampling of blood (see Conant, 1988 for banding protocol). Birds were bled from a wing vein according to the protocol of Wingfield and Farner (1976) . A maximum of about 200 ,ul of blood was drawn from each bird. Blood samples were separated into plasma and erytbrocyte portions in a hand-cranked centrifuge and then placed into a propane-fueled freezer or liquid nitrogen for a maximum of four weeks. Samples were transported to the ship on ice (<1 h), where they were placed in -20°C freezer or liquid nitrogen until their return to the laboratory, where they were stored at -30°C until electrophoresis. In total, 90 finches were bled in 1986 and 46 in 1987. The samples included 39 individuals from Laysan Island, 36 from Southeast Island, 31 from North Island and 30 from Grass Island.
Laboratoryprotocol
Blood samples were subjected to horizontal starch gel electrophoresis. A total of 24 enzymes or general proteins were assayed. These were malate dehydrogenase (two loci resolved), isocitrate dehydrogenase (two loci), glycerophosphate dehydrogenase, esterase (four loci), glucose-phosphate isomerase (two loci), phosphoglucomutase (two loci), creatine kinase, glucose-6-phosphate dehydrogenase, lactate dehydrogenase (2 loci), dipeptidase (two loci), tri-peptidase, glutamate oxalate transaminase, leucine amino peptidase, 6-phosphogluconic dehydrogenase, malic enzyme, erythrocytic acid phosphatase, mannose-6-phosphate isomerase, adenylate kinase, nucleoside phosphorylase, superoxide dismutase, glutamate dehydrogenase, hemoglobin, transferrin, and hexokinase.
We attempted an average of 2.5 buffer systems per staining system. In total, 33 staining regions were successfully resolved and interpreted as products of genetic loci. Of these, only 5 (15.2 per cent) were polymorphic and had staining patterns which appeared consistent with a genetic basis. Buffer systems that were used to resolve these polymorphisms are the discontinuous tris-citrate (for EST-1 and PEPD-2), trismaleate (for GPI-1), and phosphate (for MDH-1) buffers of Selander et al. (1971) , and the phosphatecitrate (for 6-PGD) of Cole & Parkin (1981) . Putative genotypes of the polymorphic enzymes were scored from each gel, with the most anodal locus and allele designated as '1' and 'a', respectively. Genotype frequencies were analysed with BIOSYS-1 (Swofford & Selander, 1981) . Allele frequencies were computed and the counted heterozygosities were compared to ones based on Hardy-Weinberg prediction for each locus and island. Heterozygosities and allele frequencies at each locus were compared among islands by contingency table analyses and G-tests. Heterozygosities for each sample were averaged over the five polymorphic loci and all loci and compared statistically among samples. Allele frequencies were also assessed for differentiation among samples by calculations of FST (Swofford & Selander, 1981 Allele frequencies of three loci vary significantly among the four island samples (Table 3) . Allele frequencies of the same three loci also differ significantly Table 1 Sample sizes and allele among only the islets of Pearl & Hermes Reef (Table 3 ).
These differences are reflected in the relatively high FST values for the comparison among all samples (Table 3) . Average FST for these five loci is 0.049, indicating a moderate amount of genetic differentiation.
Discussion Effects of the bottleneck on Laysan
The percentage of loci that are polymorphic (15.2 per cent) is only slightly lower than that found for birds in general (about one-third of the examples of Evans, 1987 , are less than 15.2 per cent and he calculates a mean P of 24.0 per cent). However, the average H on Laysan (1.1 per cent) is considerably lower than the average H reported for birds in previous studies (4.8 per cent, Nevo, 1978; 4.4 per cent, Evans, 1987) . This lower H may have been caused by chance fixation of alleles and inbreeding that must have followed the population crash during the early 1900s. However, earlier bottlenecks or other factors may have also played a role in keeping variability low in this population. The very low heterozygosity and number of alleles do match our expectations from single locus theory (Nei et al., 1975; Maruyama & Fuerst 1984 , ALLOZYME VARIATION IN THE LAYSAN FINCH 129 1985 , and the results of some other electrophoretic analyses of populations that have undergone a severe recent bottleneck (e.g. Bonnel & Selander, 1974; Schwaegerle & Schall, 1979; Baker & Moeed, 1987) .
The founder effect on Southeast
We predicted that the population reduction following translocation would result in a slight loss of heterozygosity and number of alleles in the finch population on Southeast. We instead found a slight increase in allelic diversity, a significantly increased heterozygosity for two loci, and a threefold increase in average heterozygosity over 33 loci. Given the small number of polymorphic loci we found, the discrepancy may simply be a result of sampling error. In other words, allele frequencies may have 'drifted up' rather than down for a small fraction of loci, including two of those we assayed by chance. Thus these results may simply underscore the need for a considerably larger sample of allozyme or other loci for calculating and comparing hetero-
zygosities.
An alternative and presently unexcludable explanation is that selection caused the increased H at these or at other linked loci. In one scenario, inbreeding depression in the small inoculum may have resulted in greater survival of outbred, heterozygous individuals, and, therefore, increased heterozygosity (Hayman & Mather, 1953; Connor & Belluci, 1979) . Alternatively, balancing selection may have occurred directly on the allozyme loci in question, causing H to increase. Conditions may be more rigorous at Pearl & Hermes Reef than they are at Laysan, both because of its more northerly location and its sparser, more open habitat.
A number of previous field studies with historical information on founder events (e.g. Ross, 1983; Parkin & Cole, 1985; Janson, 1986; Baker & Moeed, 1987; Fleischer et al., in press) have generally found only minor (if any) decreases in H following founder events.
Instead, most of these studies report only the loss of rare alleles. No study using allozymes, to our knowledge, has discovered an increased H following a natural or experimental bottleneck or founder event.
Variability at Pearl & Hermes Reef Heterozygosity should be lower on North and Grass Islands than on Southeast because only a small number of birds colonized North and Grass, gene flow appears to be extremely rare, and population sizes are much smaller. Overall heterozygosity did not differ significantly among the islets of Pearl & Hermes Reef, but was somewhat lower on Grass Island than on Southeast. This suggests that although populations on the islets would appear to be highly inbred and prone to drift, relatively little loss of allozymic heterozygosity has occurred. This result runs somewhat counter to expectation and to the results of the comparison of allele frequencies. Significant heterogeneity of allele frequencies has evolved among the introduced populations at P& H and among all of the island populations (Tables 1  and 3 ). The mean FST value of 0.049 is nearly identical to the mean value (0.048) for 23 species of birds as calculated by Evans (1987) . It is also higher than many of the values cited in Barrowclough & Johnson (1988, Table 1 ): the average FST for species for which morphologically differentiated subspecies were compared was 0.054, the average for species with relatively low phenotypic variability (as is the case for the Laysan finch; Conant, 1988) was 0.007. Most of the species summarized in these studies were sampled over a much wider geographic range than that of the Laysan Finch. In addition, virtually all the species have been in their present ranges for a considerably longer time period than 20 years. Thus the Laysan finch has apparently evolved a moderate amount of microgeographic heterogeneity over a relatively short period of time, presumably because of isolation from gene flow and drift. It wifi be interesting to monitor these populations for additional changes in genetic and morphological (Conant, 1988) variation in the future.
